Abstract. The interaction between a fast-speed and a lowspeed stream causes large-amplitude Alfvénic fluctuations; consequently, the intermittency and the brief intervals of southward magnetic field associated with Alfvén waves may cause high levels of AE activity, the so-called highintensity, long-duration, continuous AE activity (HILD-CAA). In this article, the 4 h windowed Pearson crosscorrelation (4WPCC) between the solar wind velocity and the interplanetary magnetic field (IMF) components is performed in order to confirm that the less strict HILDCAA (HILDCAAs*) events include a larger number of Alfvén waves than the HILDCAA events, once HILDCAAs disregard part of the phenomenon. Actually, a HILDCAA event is entirely contained within a HILDCAA* event. However, the opposite is not necessarily true. This article provides a new insight, since the increase of Alfvén waves results in an increase of auroral electrojet activity; consequently, it can cause HILDCAAs* events. Another important aspect of this article is that the superposed epoch analysis (SEA) results reaffirm that the HILDCAAs* are associated with high-speed solar streams (HSSs), and also the HILDCAAs* present the same physical characteristics of the traditional HILDCAA events.
Introduction
During the declining phase of solar cycles, the dominant solar phenomena affecting the geomagnetic activity are coronal holes (Krieger et al., 1973; Hapgood, 1993; Webb, 1995; Tsurutani et al., 2006) , which are characterized by exceptionally low densities and unipolar photospheric magnetic fields with "open" magnetic field topologies. Some coronal holes can persist over several solar rotations. From coronal holes, high-speed solar streams (HSSs) are continuously emanating, and they can interact with the slower solarwind streams forming stream-interaction regions. Also, these stream-interaction regions can produce corotating interaction regions (CIRs, Smith and Wolfe, 1976; Gosling and Pizzo, 1999; Heber et al., 1999) .
The coronal hole wind is characterized by large-amplitude Alfvén wave trains (Alfvén, 1942; Zirker, 1977; Ofman and Davila, 1995; Tsurutani et al., 1995 Tsurutani et al., , 2006 Tsurutani and Ho, 1999) . In Alfvén waves within HSSs, the negative interplanetary magnetic field (IMF) B z component fluctuations induce continuous auroral zone activity, the so-called high-intensity long-duration continuous AE activity (HILDCAA, Tsurutani and González, 1987; Tsurutani et al., 2004; Guarnieri, 2013; Hajra et al., 2013 Hajra et al., , 2014a Souza et al., 2016; Prestes et al., 2017) . The yearly AE index average can be higher in the solar descending phase and minimum activity due to HSS/CIR events (HSS + CIR and their combination), than during the solar maximum activity, when the geomagnetic activity is usually caused by fast interplanetary coronal mass ejections (ICMEs; Tsurutani and González, 1987; Tsurutani and Ho, 1999; Tsurutani et al., 1995 Tsurutani et al., , 2006 Guarnieri, 2013; Ojeda-González et al., 2017b) . In solar descending phase and minimum activity, the geomagnetic storms are typically only weak to moderate, and their long recovery phases are due to the highly oscillatory nature of the magnetic field within the CIRs (Tsurutani et al., 2006) .
The traditional HILDCAA events are defined by four criteria: -continuous AE activity -the AE values should never drop below 200 nT for more than 2 h at a time;
-HILDCAAs must occur outside of the main phase of geomagnetic storms (Tsurutani et al., 1995 (Tsurutani et al., , 2004 .
Moreover, Prestes et al. (2017) included a small modification in the following criterion: "the AE values should never drop below 200 nT for more than 2 h at a time", by changing 2 to 4 h at a time, in order to increase the number of HILDCAA events available for study. They defined these slightly modified events as HILDCAAs* (see Prestes et al., 2017 , for more details).
The article aims to verify the Alfvénic fluctuations present in the solar wind during HILDCAA and HILDCAA* occurrences. For this reason, we will correlate the solar wind velocity components with their respective IMF components using spectral analysis, in particular, the gapped wavelet transform (GWT). Multi-scaled spectral analysis of the solar parameters and/or the geomagnetic indices and their correlation have been used by many authors (Echer et al., 2004; Prestes et al., 2006; Klausner et al., 2013 Klausner et al., , 2014 Klausner et al., , 2016a Ojeda-González et al., 2014 , 2017a . If the variations in the solar wind velocity and the IMF are well-correlated, it can be said that there are Alfvénic fluctuations presented in the HSS. Therefore, we expect that these correlations will be higher during HILDCAA and HILDCAA* events, since Alfvén waves usually induce continuous auroral zone activity.
Datasets and methodology
In this work, we used the 12 HILDCAA and 26 HILDCAA* events in 2003 previously identified by Prestes et al. (2017) . In addition to determine the typical values of the solar wind parameters related to them, we used the measurements by the Advanced Composition Explorer (ACE) satellite with 1 h and 1 min resolutions (Smith et al., 1998; McComas et al., 1998) . The interplanetary solar wind data used here are solar wind speed (V sw in km s −1 ), plasma density (N sw in cm −3 ), temperature (T sw in K), flow pressure (P sw in nPa), IMF magnitude (B o in nT) and the B x (nT), B y (nT) and B z (nT) components in the GSM coordinate system. Here, we also used the AE and Dst geomagnetic indices.
In order to show the HSS/CIR occurrence in 2003, a spectral analysis using GWT is performed. The GWT can be used in the analysis of non-stationary signal to obtain information on the frequency or scale variations, and to detect its singularities in time and/or in space (see Klausner et al., 2013, for more details) . It is possible to analyze a signal in a timescale plane, known as wavelet scalogram. In analogy with the Fourier analysis, the square modulus of the wavelet coefficient |W (a, b)| 2 is used to provide the energy distribution in the timescale plane. In the GWT analysis, we can also explore the central frequencies of the time series through the global wavelet spectrum, which is the spectral power at each scale integrated over the whole time series. Moreover, the GWT is used to reduce gap problems in data, considering that it restores the admissibility condition, when the wavelet is broken due to the overlap of the data gaps (Klausner et al., 2013) . On the one hand, the continuous wavelet transform (CWT) of a function f (t) is defined by the integral transform, W (a, b) = f (t) 1 √ a ψ * t−b a dt, where ψ is the wavelet mother that is a function of both time and frequency (time b and scale a), and * represents the complex conjugate. On the other hand, in the GWT near a gap, the wavelet mother function ψ a,
is used instead of ψ, where G(t) is the function of data gaps. The leading idea of the GWT is to restore the admissibility condition by repairing in some way the wavelet itself (see Klausner et al., 2013 , for more details). Therefore, the GWT will be used here to help reduce the effects of two common problems of the spectral analysis: (i) the presence of gaps in time series and (ii) boundary effects due to their finite length.
For the purpose of associating the HILDCAA* events with HSS/CIR events, superposed epoch analysis (SEA) is applied to the solar wind parameters (V sw , N sw , T sw , P sw , IMF B o , B x , B y and B z ) and to the geomagnetic indices (Dst and AE), during the HILDCAA* events in 2003. As discussed by Prestes et al. (2017) , the HILDCAA event as defined by Tsurutani and González (1987) is entirely contained within a HILDCAA* event. For this reason, in each IMF parameter and in each geomagnetic index, we choose 2 days prior and 2 days after of the HILDCAA*/HILDCAA onset using 1 h time resolution. The length of 2 days is chosen because it is one of the four criteria for an event to be considered HILDCAAs*/HILDCAAs. Following the same methodology applied by Hajra et al. (2013 Hajra et al. ( , 2014b , we consider the initiation time of HILDCAA*/HILDCAA events as the zero epoch time. Further, we calculate the mean variation of each IMF parameter and each geomagnetic index for the 2 days prior and for the 2 days after of the zero epoch time.
Until this point, the possibility of HILDCAA*/HILDCAA events associated with Alfvén waves remains an unsolved issue. To solve this problem, we implement a 4 h windowed Pearson cross-correlation (4WPCC) methodology, which is a well-accepted methodology by the scientific community to identify Alfvén waves in the solar wind intervals. As an example, this methodology was used in Belcher et al. (1969) and Tsurutani et al. (1990 Tsurutani et al. ( , 2011 to determine the Alfvénic-ity or non-Alfvénicity of the interplanetary medium. In these works, the 4WPCC of the individual vector components of the magnetic field and the solar wind velocity at 0 h lag were calculated.
Therefore, the 4WPCC between the IMF components and the solar wind velocity components (V x − B x , V y − B y , and V z − B z ) at 0 h lag are calculated in the same way as done by Tsurutani et al. (2011) . And it is applied to the ACE satellite dataset (see in ACE Level 2 data server: merged IMF and solar wind 64 s averages). The Alfvénicity behavior is analyzed throughout the year of 2003. Following, the results will be presented.
Results and discussion
In this section, we will study the AE activity index variation and the HILDCAA*/HILDCAA Alfvénicity behavior. But first we will present the multi-scaled spectral analysis of solar and/or geomagnetic activity to determine which of the dynamical geomagnetic storm processes are responsible for energy deposition into the magnetosphere. In this case, it is expected that HSSs/CIRs are responsible for the recurrent low-to-moderate geomagnetic activity in 2003 and for the energy deposition in the auroral zone. Second, we will evaluate that the occurrence of HILDCAAs* is associated with HSS/CIR events as discussed by Prestes et al. (2017) . Therefore, the SEA will be applied to the geomagnetic and solar/interplanetary data. In the top panel, Fig. 1 gives the daily average of the IMF and plasma data for the year 2003. This figure also shows an overview of the geomagnetic activity for this entire year. When the lowest daily average of the solar wind proton density occurs simultaneously with the highest average of solar wind speed, it indicates the presence of HSSs (Jian et al., 2006) .
In the bottom panel of Fig. 1 , areas of stronger wavelet power are shown in dark red and the areas of lower wavelet power are shown in dark blue. On the x axis, the time variation is plotted with a 10-day interval, and the scale variation with an interval of days is plotted on the y axis. As discussed by Klausner et al. (2016b) using wavelet techniques, the periodicities of 5, 7 and 27 days, and the sub-harmonics of Sun rotation of 9 and 13.5 days present in the scalograms can be associated with HSSs and CIRs (Gosling et al., 1976 (Gosling et al., , 1977 . It can be noticed that these periodicities are also presented in the wavelet scalograms of the interplanetary parameters and of the geomagnetic indices in Fig. 1 . As well, these scalograms show these similar spectral features in time and scale. Consequently, it is possible to say that the majority of geomagnetic events in 2003 may be associated with HSS/CIR events.
By the way, the HILDCAA*/HILDCAA occurrence also depends on the southward IMF (B z ) fluctuations. The coupling solar-wind-magnetosphere is most strongly controlled by the direction of the IMF, and it is stronger when the IMF is southward. Due to the association of HILDCAAs*/HILDCAAs with HSS/CIR events, it is expected to be a highly oscillatory nature of the B z . Figure 2 shows the wavelet coherency scalogram between B z component and the hourly AE index in 2003. The wavelet coherency transform returns the magnitude-squared wavelet coherence, which is a measure of the correlation between signals B z and AE in the time-frequency plane. In Fig. 2 , the strongest levels of energy appear between 13 and 30 days, which are the harmonic and sub-harmonic of the solar rotation. In addition, the periodicity of ∼ 27 days persists mostly throughout the year of 2003. This result confirms that the B z is mainly controlled by HSSs during this year. Therefore, this fact imposes a significantly contribution for HILDCAA*/HILDCAA occurrences.
Moreover, a total of 26 HILDCAA* events (12 HILDCAA events within these HILDCAA* events) have been found in 2003, ∼ 2.5 events per month (see Tables 1 and 2 in Prestes et al., 2017) . With this result in hand, we decided to verify the solar wind behavior during 2003. Figure 3 shows the daily time series of solar wind speed (black line), and the same signal filtered using a Butterworth low-pass filter with a cutoff frequency (f c ) of 826.72 nHz (red line), which highlights periods above half solar rotation. In other words, the low-pass filter is used to remove all low-order periods up to 14 days from the inputted solar wind series. These periods can be eliminated from the analysis of HSS without compromising the results, and/or even considered background noise. The numbers 1 and 2 indicate the sequence of HSSs, and the presence of two events per solar rotation in mostly months in 2003 can be observed. However, a few months present many HSSs, sometimes more than two per solar rotation. August 2003 is an example of a month with the presence of many HSSs. Also, some streams have profiles which indicate that they are composed of overlapping events, whereas others only have one event. These facts may explain the large number of HILDCAA*/HILDCAA occurrences per month in 2003 found by Prestes et al. (2017) .
From this point forward, we will demonstrate that HILD-CAA* events are associated with HSS/CIR events. Figure 4 shows the superposed mean variations (solid curves) and the standard deviations (vertical bars) of V sw , N sw , T sw , P sw , IMF B o , B x , B y , B z , Dst and AE indices. Each panel presents a horizontal line that can be used as a reference parameter. These lines correspond to the 2003 annual mean variation of V sw , N sw , T sw , P sw , IMF B o and AE, and to the zero value in the case of B x , B y , B z and Dst (see Prestes et al., 2006 , for more details). As discussed by Hajra et al. (2013 Hajra et al. ( , 2014b , the SEA of the IMF parameters and the SEA of the geomagnetic indices show typical interplanetary signatures of CIRs. An increase of V sw and T sw after the zero epoch time is observed, which represents the compressed fast stream arrival. Also, the interaction between the HSS and the slow-speed stream is evident due to the increase of V sw around the zero epoch time. On the other hand, N sw , P sw , B o and B z present an increase prior to the zero epoch time, which represents a compression of the slow solar wind leading to higher plasma densities, pressure and magnetic fields. However, the increase of N sw , P sw , B o and B z prior to the zero epoch occur at different time lags, and also, in all these parameters, their increases are in the points of largest standard deviation. This fact may be explained by some HILDCAA*/HILDCAA events associated with weak ring current enhancements (Dst ≥ −50 nT) and/or with recovery phases of geomagnetic storms. Similar features were observed by Hajra et al. (2013 Hajra et al. ( , 2014b in the analysis of HILDCAA events using SEA. From this point forward, the possibility of HILD-CAA/HILDCAA* association with the Alfvén waves will be discussed. Hajra et al. (2013) and Prestes et al. (2017) .
----------,-------------------------------
For each HILDCAA event, the 4WPCC is calculated, and these results are shown in the first four columns of Table 1 . The HILDCAA events with 4WPCC higher than the 4WPCC annual average are highlighted in bold. Only one HILDCAA event has the cross-correlation lower than the annual average. This result represents that 97.2 % of the total number of events have the 4WPCC higher than the annual average, as show in the last line of Table 1 . The same analysis is performed in the periods of non-HILDCAA events, and the results are shown in the last four columns of Table 1 . The number of intervals with 4WPCC higher than 4WPCC annual average is ∼ 42 %. This percentage is very high considering that it corresponds to non-HILDCAA events.
Afterwards, we applied the same 4WPCC methodology previously used in the HILDCAA events to HILDCAAs*. Therefore, Table 2 is very similar to Table 1 but for the HILDCAA* events. It can be noticed that ∼ 84 % of HILD-CAA* events have higher 4WPCC values than the average. And the main result is that the number of non-HILDCAA* events presents a decrease of 4WPCC values in about ∼ 34 %.
Moreover, a total of six graphics (not all shown here) were plotted, each one of them showing the 4WPCC of . From top to bottom and from left to right, panels show the SEA results of solar wind speed (V sw in km s −1 ), plasma density (N sw in cm −3 ), temperature (T sw in K), flow pressure (P sw in nPa), IMF magnitude (B o in nT), the B x (nT), B y (nT), B z (nT) components in the GSM coordinate system, and the Dst (nT) and AE (nT) indices, respectively. The curves show the average values while the vertical bars show the standard deviations. On the horizontal axis, the zero epoch time corresponds to the HILDCAAs* onset, and the SEA is performed from 2 days prior to 2 days after the zero epoch time. present higher correlation values than the periods of nonHILDCAAs*/HILDCAAs. And the decrease of 4WPCC values in periods of non-HILDCAAs* leads us to suggest that the HILDCAA* events include a greater number Alfvén waves than the HILDCAA events, because HILDCAAs disregard part of the phenomenon.
Conclusions
The declining phase of the cycle 23, especially the year of 2003, was exceptional in producing intense and continuous AE geomagnetic activity because there were more than two corotating streams present in each month as observed here. In conclusion, the Earth's magnetosphere was impinged twice by these streams during each ∼ 27-day period, similar to the results found by Tsurutani et al. (1995) in the declining phase of the solar cycle 20 (year of 1974). Consequently, a great number of HILDCAA* events occurred in 2003, and this fact may be explained by solar energy transfer into the magnetosphere by the Alfvén waves. These waves can be generated by HSSs, which mostly originated from coronal holes.
The following results can be highlighted from the present study:
-The SEA results confirm that the HILDCAAs* are associated with HSS/CIR events, and also they present the same physical characteristics of the traditional HILD-CAA events as discussed by Prestes et al. (2017) .
-The higher 4WPCC values between the solar wind velocity and the IMF component during HILDCAAs* than during HILDCAA reaffirm that these events include a greater number of Alfvén waves, once HILDCAAs disregard part of the phenomenon.
-The high number of HILDCAA* occurrences per month in 2003 may be caused by Alfvén waves.
These results are encouraging, and they suggest that the HILDCAAs* may potentially be used as an alternative way of explaining the Alfvénic effects in the AE index.
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